A circuit was designed to generate and store electricity for use by NASA components or equipments, contributing to and advancing the capabilities of NASA missions. This project will be based on thermoelectric devices that convert heat energy to electricity. During this research, thermoelectric devices will be tested in a variety of configurations with the goal of demonstrating a thermoelectric-powered battery charging circuit.
INTRODUCTION
Our addiction to electricity has generated a concurrent addiction to fossil fuels. However, the reserves of fossil fuels will soon be depleted, since oil is a limited resource. Over the years, the cost of electricity has risen to unprecedented levels due the limited supply of oil and economic and political factors. Thus, renewable energy is a more attractive alternative to electricity generation, as it will also provide a cleaner environment for future generations. In the world today, there are many great solutions to renewable energy, but some are unfeasible. In this proposed project, a device will be created to introduce a way for humans to create renewable energy using thermoelectric devices.
Renewable energy can be created by many methods; for example, solar energy, wind energy, hydro energy, nuclear energy, and many more. For each of these different forms of creating electricity, there are certain limitations. Solar energy is the most commonly form of renewable energy that is used in applications ranging from household power to spacecraft electrical systems. However, solar energy can only be created when there is sunlight, necessitating the use of alternate energy sources, or a method of storing energy for later use. Wind energy and hydro energy have their own limitations, making them insufficient for wider usage. Nuclear energy is used in applications such as power plants and military vehicles. Nuclear sources can supply adequate amounts of energy, but produces hazardous waste that is harmful to the environment. This project aims to provide a source of renewable energy that overcomes the limitations of current methods.
A thermoelectric device converts thermal energy to electrical energy by using an array of thermocouples. This device is a reliable source of power for satellites, space probes, and even unmanned facilities. Satellites that fly toward planets that are far away from the sun cannot rely exclusively on solar panels to generate electricity. These satellites will have to use an alternative energy source, such as thermoelectric devices, to generate their power, as in NASA's Pluto New Horizons spacecraft [5] . Thermoelectric devices for deep-space missions use a radioactive material, like plutonium, to generate heat, and thermocouples to convert the heat to electricity. Since a thermoelectric device has no moving parts, it is reliable and can generate electricity for many years. Studies have been done on improving the efficiency of thermoelectric generator by incorporating other technologies, like nanotechnology. By achieving a better efficiency, thermoelectric devices would need less radioactive material to produce the same amount of power, making the power generation system lighter. Less radioactive material will also decrease the cost of spaceflight launches. Although these devices are used mostly in spacecraft technologies, they can be also applied to technologies on earth, which might further contribute to the advancement of technology. Some applications of this technology include automobiles, computers, household appliances, etc. For example, thermoelectric devices can enhance the energy production of hybrid automobiles by producing electricity using the waste heat of the engine. If an environment has a thermal gradient, thermoelectric devices can be applied, since they require little maintenance, and provide electricity for many years.
A thermoelectric generator is a device that consists of a p-type and n-type semiconductors connected in series, shown in Figure 1 . This structure can be used to convert heat energy to electricity by using a principle known as the Seebeck effect. When heat is applied to one surface of the thermoelectric generator, the electrons in the n-type semiconductor and the holes in the p-type semiconductor will move away from the heat source. This movement of electrons and holes gives rise to an electrical current. The direction of the current is opposite to the movement of the electrons, and in the same direction as the movement of the holes. By creating the appropriate electrical connections, the current of the thermoelectric generator flows in a closed loop through the p-type and n-type semiconductors and an external load. This pair of n-type and p-type semiconductors forms a thermocouple. A thermoelectric generator can consist of multiple thermocouples connected in series, which increases the voltage output, and in parallel to increase the current output.
DESIGN AND FABRICATION
The design of the thermoelectric charging circuit consists of three components: a thermoelectric generator, a lithium-ion battery charger, and a lithium-ion battery. Each component was tested individually to characterize their performance, and then all of the components were combined into the final circuit (Figure 2 ). Three thermoelectric power generators were brought online at CustomThermoelectrics.com, which was the sole supplier that was found with suitable devices. However, the datasheets for these generators did not include detailed data on the thermoelectric generation as a function of temperature. One of the thermoelectric generators was tested to see whether its output current and voltage match that listed on the specification datasheet (Diagram 1). The thermoelectric generator was placed on a hotplate, while the cold side was left at room temperature.
As the temperature of the hotplate increased, the voltage and current from the thermoelectric generator increased as well. The measurement of voltage and current was done by using a multi-meter, with the probes placed at the positive and negative terminals of the thermoelectric generator. The voltage and current measurements were recorded, but they did not match the specifications given by the datasheets. When observing the thermoelectric generator, the cold side of the thermoelectric generator was getting hot as the temperature of the hot plate increased. In addition, the voltage of the thermoelectric generator was gradually decreasing over time, corresponding to the heating of the cold side of the generator. In order to cool the cold side of the thermoelectric generator, an ice cube was placed on the cold side of the thermoelectric generator; however, the ice eventually melted due to the heat produced by the hot plate. In order to solve the melting problem, a beaker filled with ice was placed on the cold side of the thermoelectric generators, so that it would cool the surface of the cold side to create a temperature gradient. However, the temperature gradient did not last long, since the ice was not effective in preventing the heat from traveling to the cold side of the thermoelectric generator, necessitating the constant replenishment of the ice. charging circuit. In order to increase the power created by the thermoelectric generator, it was necessary to stabilize the thermal gradient. Two methods for improving and stabilizing the thermal gradient were implemented. The first was to implement a heat sink on the "cold side" of the thermoelectric generator, helping to prevent heat from traveling to the cold side of the thermoelectric generator. The second solution was to place a block of ice on top of the cold side of the thermoelectric generator, which serves to simultaneously stabilize the thermal gradient, and also to improve thermal contact between the materials by providing weight.
To implement method 1, a heat sink was created by first constructing an open face box by using aluminum foil with the slits embedded in the box, so that it could dissipate the heat and cool down the thermoelectric generator. During the experiment, the aluminum foil heat was placed on the cold side of the thermoelectric generator. In addition, ice was placed in the heat sink, so that there was weight to push the aluminum foil heat sink to make contact with the thermoelectric generator. However, the ice melted as quickly as in the first trial when incorporating the beaker of ice. When observing the thermoelectric generator with the aluminum heat sink, the voltage and current only increased slightly. (Graph 2) For method 2, different-sized blocks of ice was used as the cooling agent of the thermoelectric generator. When testing these different sizes of ice, the block of ice that had the larger surface area produced a reasonable voltage ranging from 2 volts to 3 volts, which was sufficient for running the battery charging circuit, as long as a dc/dc converter was used to further step up the voltage. However, it is preferable to avoid usage of a dc/dc converter, as this changes the usable current level. Thus, in order to get the required voltage to power the batterycharging element, three thermoelectric generators were connected in series, producing a total voltage of 6 volts. When accomplishing method 2, technical problems occurred when using the beaker of ice and the aluminum heat sink. The first problem was the heat produced by the hot plate had an inconsistent hot spot. To solve that problem, a thick sheet of aluminum was placed on the hot plate, since aluminum has a high thermal conductivity. In addition, a sheet of fiberglass with a hole in the center was placed on top of the sheet of aluminum, so that heat is only being transferred in the area with no fiberglass insulation. This corresponds to the location of the thermoelectric generators. The second problem was that the heat of the hot plate was reaching the cold side of the thermoelectric generator. To solve this problem, an additional sheet of aluminum was placed between the block of ice and the thermoelectric generator, so that the heat will be only transfer to the sheet of aluminum, and the block of ice would not melt as fast. By adding these modifications, a dramatic change occurred to the output voltage and current (Graph 3).
The second component of the circuit is a lithium-ion battery charger, which is a device used to provide energy to a battery. For this project, two different lithium-ion battery chargers were purchased from Maxim-IC, the MAX 745 and the MAX 1879. The MAX745 is a switch-mode lithium-ion battery charger that has the ability to charge up to a 4-cell lithiumion battery. Modifications on this MAX745 can be made on this lithiumion battery charger, for example, voltage control, current control, etc. The MAX1879 is a simple lithium-ion battery charger that is only capable of charging a single cell lithium-battery.
The last component of the charging circuit is a lithium-ion battery, which is commonly used in today's electronics, for example, laptops, cell phones, and music players. In addition, lithiumion battery is common in NASA spacecraft. Lithium-ion batteries are lightweight, capable of handling hundreds of charging and discharging cycles, have no memory effect, and can hold their charge for many years. The lithium-ion battery selected for this project can be charged up to 3.7 volts, which is possible by stepping up the voltage of the thermoelectric generator to a higher voltage. Figure 3 shows the experimental setup used to build a lithium-ion battery-charging circuit that incorporates the use of a thermoelectric generator. The overall design of the charging system consists of three components: a thermoelectric generator, a lithium-ion battery charger, and a lithium-ion battery. Three thermoelectric generators will be connected in series to serve as a power supply to generate power for the circuit. To create a thermal gradient, one side of the thermoelectric generator is placed on a hotplate, while the other side is placed under a block of salted ice. A sheet of fiberglass, hollowed in the center to allow placement of the thermoelectric generator, was placed on the hot plate to allow insulation between the generator and hotplate. The temperature of the hot plate is set at 175°C, since the characterization experiments show that this will produce a sufficient voltage to power each of the two different lithium-ion chargers. The current of the thermoelectric generator is controlled by a series of resistors. After the lithium-ion battery charger, a lithium-ion battery is connected.
PROCEDURE

RESULTS/ANALYSIS
In this project, the thermoelectric generators (T.E.G) were measured by incorporate three techniques. In the first technique, a T.E.G was placed on a hot plate, while a beaker of ice was mounted on the top side of the T.E.G. The hot plate was set at different temperatures ranging from 30C to 200C, to determine the voltage and current that was produced by this device. Since the hot plate didn't have precise temperature settings, a thermometer was used to determine the actual temperature produced by the hot plate. The precise temperature measurements were made by placing a thermometer in a beaker of water that was on a hotplate. In addition the thermometer was used to measure the temperature of the ice (0C). The measurements of the temperature of the cold element and the hot element played an important role to determine the temperature gradient. The following equation is how to determine the temperature gradient of the T.E.G. The T.E.Gs used had limitations, since the hot side had a maximum temperature of 260C; the cold side had a maximum temperature of 100C, and a maximum temperature gradient of 260C. If the temperature gradient excesses the limits of the T.E.G, the inner components of the T.E.G will break or be damaged.
In the first testing technique, heat was passing through the T.E.G causing the cold side of the T.E.G to become hot and found that the beaker of ice wasn't efficient in dissipating the heat. This outcome causes the values of the voltage and current to be low. The result is showed in Graph 1.
In the second technique, a T.E.G was placed on a hot plate, while aluminum heat sink was mounted on the top side of the T.E.G. The aluminum heat sink was an open top square made from aluminum foil; inside contains five slits, which will be used to prevent heat. The heat sink was 40mm in length, 40 mm in width, and 40 mm in height, so that the heat sink is covering the entire surface (cold side) of the T.E.G and also used as a weight to provide a contact between the heat sink and T.E.G. The procedure used in technique 1 is the same for technique 2. From this technique, the values of the voltage increased by 0.7 volts from the previous measurements of technique 1, while the current remain the same. The result is showed in Graph 2.
From the last two techniques, the values of voltage and current were difficult to use as a power supply, since the total voltage required for the lithium-ion battery charger needed a minimum voltage of 4 volts and maximum voltage of 28 volts. Since the T.E.G used can only produces a maximum voltage of 1.2 volts, the T.E.G weren't efficient enough to power up the remaining components of my project. So technique 3 was made, which is a T.E.G placed on a hot plate, while a block of salted ice insulated within an aluminum bread container was mounted on the top side of the T.E.G. In the last two techniques, heat was still traveling through the T.E.G and warmed the cold side of the T.E.G. To prevent this outcome from happening, a sheet of fiberglass and two blocks of aluminum was used to optimize the thermal properties of the system. The blocks of aluminum were used more efficiently transfer heat, while the fiberglass acts as a thermal insulator, so that heat from the hotplate is not directly transferred to the block of salted ice. The T.E.G power supply was mounted as followed: the hot plate on the bottom, then a block of aluminum, then a T.E.G, then a sheet of fiberglass, then a block of aluminum, and a block of salted ice on top.
Using testing technique 3, the values of the voltage and current changed to a voltage of 2.2 volts and a current ranging from 3 to 7μA. All three T.E.Gs were tested and found that each produce the same voltage and current. Three T.E.Gs were combined in series to produce a maximum voltage of 5.0 volts. This value is less than the sum of the output voltages of each T.E.G. by itself, which can be explained by the internal resistances of each T.E.G causing the overall voltage to decrease. The results of each of the T.E.Gs are shown in Graph 3.
On each of the lithium-ion battery charger datasheets, there is a list of configurations, for example, voltage control or current control. No modifications were made to the MAX 1879 lithium-ion battery charger, as it was capable of charging the lithium-ion battery. The charging rate was observed by looking a light-emitting diode (LED) on the battery charger circuit board; if the LED was on, the lithium-ion battery is charging, and when the LED is off the lithium-ion battery is done charging. The total charging time was 4 hours and 30 minutes.
For the lithium-ion battery charger, MAX 745, modifications were made and the output voltage was changed by changing the resistor, R 3 . The resistor, R 3 is determined by using the following equations:
Equation 2 where V REF is the reference voltage produced by the lithium-ion battery (4.2V),V ADJ is the adjust voltage, you want the lithium-ion battery charger to produce The resistor, R 3 , was set to 11.2 kΩ, so that the output voltage of the lithium-ion battery will be 3.7 volts. There were other modifications that was made on the MAX 745, the jumpers 1 (setting: 3,4) and 2 (setting: 1,3) was changed so that the lithium-ion battery charger will charge a 3.7-volt, 3-cell lithium-ion battery. In addition, jumper 3 was changed, so the charger was producing a current of 1 A. The charging rate was observed by looking at two LEDs; one indicated fast-charging, while the other indicated the completion of charging, and a continual trickle-charge. The total time to taken to charge this battery was 3 hours and 23 minutes.
CONCLUSION
Thermoelectric generation can be a suitable energy source in space, especially in situations where other power sources cannot operate. An alternative energy source is photovoltaics, which actually have a much higher efficiency (up to approximately 40%, as compared to approximately 5% for a thermoelectric generator). However, for deep-space missions, a thermoelectric generator can provide power where a solar cell would fail. In addition, thermoelectric generators are relatively inexpensive, easy to handle, and robust, as they are solidstate devices with no moving parts. In conclusion, these thermoelectric generators can be useful in electrical systems, including satellites, robots, and automobiles.
